A porous coordination solid of nickel(II) dihydroxyterephthalate has been synthesized by the microwave-assisted (MW) method. The synthesized nickel(II) dihyroxylterephthalate was designated by the general formula of [Ni2(dhtp) (H2O)2]·8H2O (where, dhtp = 2,5-dihydroxyterephthalate, denoted by Ni-DHTP). The effect of microwave-irradiation temperature and time of irradiation on the porosity and morphological changes in the solids have also been investigated. The catalytic performance of Ni-DHTP synthesized by MW method has been studied in the oxidation of cyclohexene with aqueous H2O2, which gave cyclohexene oxide as the primary product and 2-cyclohexene-1-ol as a major product.
Introduction
The metal-organic frameworks (MOFs) [1] [2] [3] [4] [5] have recently received considerable attention in gas storage, 6, 7 catalysis, 8 drug delivery 9 and molecular recognition 10 because of their excellent crystallinity, tailor-made porosity with high surface area, framework flexibility and bifunctionalities of metal and ligands. Among them, nickel dihydroxyterephthalate [Ni2(dhtp)(H2O)2]· 8H 2 O (where, dhtp = 2,5-dihydroxyterephthalate, hereafter denoted by Ni-DHTP which was named by Ni-CPO-27 is one of the frequently studied metal-organic framework (MOF) material because of a large surface area, a relatively high thermal stability and a large number of open metal sites after removal of solvent or water molecules from the framework pores. [11] [12] [13] These properties enable the above material to be a potential candidate for gas sorption and delivery. [14] [15] [16] Since the discovery of Ni-DHTP which has equivalent structure of MOF-74 reported by Rosi et al., 17 this has been synthesized by conventional hydrothermal or solvothermal method (CH) for improving the purity of crystal. As reported earlier by us, MOFs show a significant difference in porosity and crystallinity depending on the synthetic conditions and preparation method as well as purification procedure. 18, 19 Microwave-assisted hydrothermal or solvothermal synthesis (MW) has significant advantages over CH synthesis because of rapid heating, faster kinetics, higher yield and better reproducibility. [19] [20] [21] [22] [23] In addition to this, it provides an efficient way to control particle size distribution, phase selectivity and macroscopic morphology in the synthesis of nanoporous materials. [24] [25] [26] Despite these facts, there are only a few reports on the use of microwave for synthesis of porous coordination materials. 19, [27] [28] [29] [30] Here, we present the use of microwaves for the synthesis of Ni-DHTP in a much shorter time and lower temperature than reported for the original synthesis via CH method. 11 MOFs are porous and crystalline coordination polymers consisting of mainly transition metals, which have recently attracted many researchers to explore the possibilities of their appli-cations in catalytic organic transformations. [31] [32] [33] [34] [35] However, the study on catalytic applications of MOF materials is limited. 8, [36] [37] [38] [39] [40] Therefore, besides microwave synthesis, the catalytic activity of Ni-DHTP synthesized by MW method has been studied in the oxidation of cyclohexene with aqueous H2O2 as oxidant. Ni-DHTP synthesized by MW at different synthesis temperatures and irradiation times has been found to be a good catalyst system for the oxidation of cyclohexene under milder conditions, which gave cyclohexene oxide and 2-cyclohexene-1-ol as the major products under milder oxidation conditions.
Experimental
Materials. Nickel acetate tetrahydrate, 2,5-dihydroxyterephthalic acid and THF of AR grade were procured from Sigma-Aldrich Chemicals and were used without purification. Aqueous H2O2 (28% solution) was used as an oxidant in the reaction. Deionized water was used for the synthesis of Ni-DHTP materials by both CH and MW methods. Microwave instrument of make MARS-5, CEM operating at 50 o C to 220 o C with resistance to autogenic pressure in up to 400 psig and power 600 W was used in the preparation of catalysts by MW method.
Synthesis of Ni-DHTP. A solution of nickel acetate tetrahydrate (0.381 g, 1.5 mmole) in 10 mL of water and a solution of 2,5-dihydroxyterephthalic acid (0.152 g, 0.75 mmole) in 10 mL of THF were mixed in a teflon vessel. The autoclave was loaded in a microwave oven (MARS-5, CEM with 600 W) and heated at 90, 110, 130 o C from 2 min to 1 h, respectively. After the completion of the reaction, the mixtures were allowed to cool down to room temperature, filtered and washed with water and ethanol mixture several times and were dried at 100 o C overnight. In this work, the as-synthesized samples obtained by microwave method at 90, 110, and 130 o C for 1h are denoted by MW-90(1H), MW-110(1H), and MW-130(1H), respectively. Numbers in parenthesis indicate microwave irradiation time, i.e. 1H means 1 h. Also two more samples were prepared for checking the effect of irradiation time 2M and 10M i.e. 2M Table 1 .
Characterization of Ni-DHTP. The as-synthesized Ni-DHTP materials by CH and MW methods at different temperatures and irradiation times were characterized for their structural integrities by XRD, BET, FT-IR and SEM methods. Specific surface areas of Ni-DHTP were measured by N2 adsorption and desorption isotherms at liquid nitrogen temperature using a sorption analyzer (Micromeritics, Tristar 3000) and standard multipoint BET analysis method. Samples were degassed in flowing N2 for 5 h at 250 o C before N2 physisorption measurements. The specific surface areas were evaluated using the Brunauer-Emmett-Teller (BET) method in the p/p0 range of 0.05 ~ 0.2. Powder X-ray diffraction patterns of all the samples were obtained by a Rigaku diffract meter (D/MAX IIIB, 2 kW) using Ni-filtered CuKα-radiation (40 kV, 30 mA, λ = 1.5406 Å) and a graphite crystal monochromator. The crystal sizes and morphology of the catalysts were examined using a scanning electron microscope (SEM, JEOL JSM-840A).
Catalytic measurements. The oxidation of cyclohexene was performed in a conventional glass reactor (50 mL) with a condenser and stirrer. In a typical run of catalytic measurement, the reactor was loaded with 0.1 g catalyst, 5 mL cyclohexene (5 mmol), 18 mL acetonitrile and a proper amount of 30% aqueous H2O2. The catalyst was dehydrated at 250 o C for 4 h before loading into the glass reactor. The progress of the reaction was monitored by analyzing the reaction samples at different time intervals by a gas chromatograph (ACME 6000 Series make, Youngin) equipped with a FID detector and a DB-Wax capillary column which is operated with oven temperature maintained at 105 o C ~ 175 o C programmed with a heating rate of 10 o C/min. Conversion of cyclohexene and products selectivity was estimated based on the GC analysis.
Results and Discussion
Microwave synthesis of Ni-DHTP. XRD patterns of Ni-DHTP synthesized by MW method at different temperatures in 1 h are depicted in Figure 1 Moreover, the intensities of the corresponding peaks decrease (broadened) with increasing the synthesis temperature, which is attributed to rapid nucleation and growth of smaller crystals at higher temperature. Along with the smaller crystallite size, BET surface area (913 m 2 /g) of the MW-130(1H) sample is notably less than those of other samples (Table 1) , 1148 m 2 /g for MW-90(1H) and 1050 m 2 /g for MW-110(1H). Therefore, it could be concluded that Ni-DHTP synthesized at higher temperature by MW method results in higher crystallinity (smaller crystal size) compared to low temperatures. Similar observations with respect to XRD patterns have been obtained with the Ni-DHTP synthesized by CH method as shown in Figure 1(b) . At 90 o C crystal growth is relatively slower than at 110 o C in CH conditions because of lower thermal activation energy. Further evidences to support XRD observations will be discussed in BET and SEM analysis. Figure 2 illustrates the nitrogen adsorption-desorption isotherms at -196 o C showing the pore characteristics of Ni-DHTP synthesized at different temperatures. All samples show type-I isotherms with a steep increases in adsorption at p/p of ~0.0, due to rapid filling of nitrogen in the well-defined micropores of Ni-DHTP. Texture properties of all the Ni-DHTP samples synthesized by MW and CH methods are summarized in Table 1 . It is seen that increase in synthesis temperature from 90 o C to 110 o C with CH method, the surface area and pore volumes are increased because of smaller size of crystals. However, in MW irradiation condition surface area and pore volumes decreased with increase in temperature due to the rapid crystallization at higher temperature resulted in lower crystallinity. The main difference between MW and CH synthesis method is the synthesis time, which is 72 h with CH, while it is 1 h or even shorter with MW in the same range of temperatures. At CH condition, reaction time of 72 h is enough to form the well crystalline Ni-DHTP; therefore higher temperature resulted in smaller particle size and higher surface area than lower temperature. However, in MW irradiation condition nucleation and crystallization was controlled within one hour, therefore temperature is more influencing on crystallinity than CH. Microwave irradiation time is also allowed to increase the surface area as seen in Table 1 .
To understand the microwave effect on nucleation and crystal growth the study made has been discussed in further text.
To know the effect of temperature on the morphological changes, SEM photographs of Ni-DHTP synthesized by MW method at different temperatures are shown in Figure 3 . Ni-DHTP resulted in small crystal sizes in aggregate form. This is clear from the SEM photographs that the crystal growth becomes finely dispersed at 130 o C (80 nm aggregate). While, the crystal sizes of the Ni-DHTP synthesized by MW method at 90 o C (560 nm aggregate) and 110 o C (160 nm aggregate) are slightly higher than that of 130 o C synthesized material. These results are consistent with XRD and BET data as shown in Figure 1 and Figure 2 , respectively. Similarly, Figure 4 shows the pronounced effect of temperature on the growth of crystal size. Both the MW and CH methods led to the formation of highly dispersed crystals of Ni-DHTP, while MW has advantages over CH method with respect to synthesis time and gave highly (a) (b) (c) The sizes of polycrystal domain were not much affected because of smaller irradiation times and even at 2 min irradiation, the crystal size is 28 nm, which is highly dispersed into smaller cry-stals. However, the yields remained the same (~ 60%). Figure 6 shows the SEM images of the MW synthesized Ni-DHTP samples at 110 o C with different irradiation time intervals in the range 2 min to 1 h. It is seen that irradiation time has no significant influence on the crystal growth recorded in 10 nm to 1 µm range, which reached high dispersity even in 2 minute. These observations are supported by XRD diffractions patterns as seen in Figure 5 .
Purified crystalline MOFs with high porosity and surface areas are critically essential in terms of chemical and physical properties and of applications. 18 Figure 7 shows the FT-IR spectra of the Ni-DHTP samples synthesized by MW irradiation at temperatures in the range of 90 o C to 110 o C with different irradiation times of 2 min to 1 h. After ethanol treatment, the unreacted 2,5-dihydroxyterephthalic acid and metal ions were almost occluded in crystalline Ni-DHTP. From the above results, we can conclude that the optimum synthesis conditions to get highly crystalline Ni-DHTP from MW method are reaction temperature of 110 o C and irradiation time of 1 h. Further studies on catalytic application have been investigated with NI-DHTP, MW-110(1H) in the oxidation of cyclohexene using H2O2 as an oxidant in liquid phase conditions at moderate reaction conditions.
Cyclohexene oxidation. In the oxidation of cyclohexene using H2O2, four products such as cyclohexene oxide, 2-cyclohexen-1-one, 2-cyclo-hexen-1-ol and 1,2-cyclohexanediol, respectively were formed as shown in Scheme 1. Results on the oxidation of cyclohexene carried out using aqueous H2O2 over Ni-DHTP catalyst presented in Table 2 . It is seen that convertsion of cyclohexene increased with increase in H2O2/cyclohexe mole ratio from 1 to 3. Highest conversion of 75.4% cyclohexene is obtained at H2O2/cyclohexe mole ratio of 3 with a TOF of 11.8 (mole cyclohexene converted per mole of catalyst per h) at 60 o C in 8 h. However, the selectivities for cyclohexene oxide and 2-cyclohexene-1-one remained almost the same in all H2O2/cyclohexene mole ratio varied from 1 to 3, while the selectivity for 2-cyclohexene-1-ol was found to be maximum (43.6%), with H2O2/cyclohexene mole ratio of 1. Higher amount of H2O2 in the reaction mixture decreased the selectivity for 2-cyclohexene-1-ol. This is expected since increase in H2O2/ cyclohexene mole ratio, where higher H2O2 available leads to further oxidation to give 1,2-cyclohexenediol as the final product of cyclohexene oxidation. Therefore, it is concluded that the optimum reaction conditions to get selectively 2-cyclohexene-1-ol would be H2O2/cyclohexene mole ratio of 1, 60 o C and 8 h reaction time. Under the reaction conditions, we also checked and found the absence of decomposition of H2O2 (by titration with Na 2 S 2 O 3 solution) and the efficiency was maximum (100%) and fully utilized in the oxidation reaction. Cyclohexene oxide is the primary product of the oxidation reaction (Scheme 1) and it is getting converted into to other products either through parallel/ or successive reactions steps finally to give 1,2-cyclohexanediol as the end product. It is seen from Table 2 results that maximum yields of 2-cyclo-hexen-1-ol are formed with H2O2/cyclohexene mole ratio of 1. However, with increase in H2O2/cyclohexene mole ratio as 2 or 3, the yields of 2-cyclo-hexen-1-ol are drastically decreased and led to the formation of 1,2-cyclohexanediol. As we previously reported that nickel phosphates VSB-5 with Ni 2+ species in the frameworks showed a shape-selectivity for epoxidation of cyclic olefins, 41 the unsaturated Ni(II) sites presented in Ni-DHTP is thought to be possible active species for expoxidation of cyclic olefins. Moreover, when we used H2O2 as the oxidant, the soluble nickel salts including NiCl2·6H2O and Ni(ac)2·4H2O showed the very low cyclohexene conversion of 21.3% and 27.7%, respectively, indicating that nickel salts are ineffective in epoxidation using H2O2. However, further detail study is needed to clarify how nickel species catalyze the epoxidation reaction. The activities of Ni-DHTP synthesized by MW at different temperatures are also compared.
To confirm the effect of temperature on the rate of oxidation and to evaluate activation energy (∆E a ), the oxidation of cyclohexene with aqueous H2O2 was carried out with the best Ni- Table 3 . It is seen from the results that conversion of cyclohexene is strongly dependent on reaction temperature. The rate (mole of cyclohexene converted per min) increased with increase in temperature. From the Arrhenius plot, the activation energy was calculated to be 9.7 kJ/mol.
Catalyst leaching was studied at 65 o C and at room temperature under similar conditions of oxidation (H2O2/cyclohexene mole ratio 3, catalyst = 0.1 g, temp. = 60 o C and time = 8 h to establish catalyst leaching into the reaction mixture and determine whether it is homogeneously or heterogeneously catalyzed oxidation). After the 4 h reaction, the catalyst was separated by filtration from both the set of experiments. These filtrates were subjected for further reaction without the catalyst. It was noticed that the conversion of cyclohexene increased with the filtrate separated from the oxidation reaction carried out at 65 o C confirming the catalyst leaching. However, the filtrate at room temperature oxidation experiment did not show any increase in cyclohexene conversion, which confirms that the catalyst is not leached at room temperature and the oxidation proceeds in heterogeneous path. So, we suggest that the Ni-CPO-27 catalyst is most suitable for room temperature or low temperature oxidation of cyclohexene, wherein this could be used as a heterogeneous catalyst.
Conclusions
Metal-Organic Framework (MOF), Nickel dihydroxyterephthalate (Ni-DHTP) containing coordination complex of nickel ions and 2,5-dihydroxyterephthalic acid could be synthesized more efficiently in shorter irradiation times by MW method compared to the CH method. MW method gave highly crystalline and dispersed Ni-DHTP MOF at 110 o C crystals (22.5 nm aggregates) within 1 h. We have demonstrated in this report that Ni-DHTP synthesized by MW method showed excellent catalytic activity in cyclohexene oxidation using aqueous H 2 O 2 oxidant with higher selectivity for cyclohexene oxide and 2-cyclo-hexen-1-ol. Hence, we recommend that Ni-DHTP synthesized by MW could be used for the oxidation of other monoolefins to have controlled and selective oxidation for the desired products.
